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a  b  s  t  r  a  c  t
Background:  To  evaluate  the  left atrial (LA)  volume  and  function  of  obese  patients  with/without  obstruc-
tive  sleep  apnea  (OSA)  and  its  association  with  left  ventricular  (LV)  diastolic  function  independent  of
obesity.
Methods:  LA  volumetric  and  functional  parameters  were  measured  by  2-dimensional  and  strain  echocar-
diography  in  49 obese  (body  mass  index  ≥ 25  kg/m2)  subjects  (24  non-OSA  and  25 OSA).
Results:  OSA group  showed  larger  maximal  LA volume  indexed  for  body  surface  area,  larger  volume
before atrial  contraction,  a reduction  in  the LA  passive  emptying  fraction,  and  an  increase  in the  LA active
emptying  fraction  with  no  signiﬁcant  change  in LA  total  emptying  fraction.  Mitral  annular  early  diastolic
velocity  (Ea)  was  signiﬁcantly  reduced,  whereas  the ratio  of  mitral  valve  early  diastolic  velocity  (E)  to  Ea
(E/Ea) and  late  diastolic  velocity  (Aa)  were  signiﬁcantly  increased  in  OSA  group.  Although  the  mean  peak
late  diastolic  strain  rate had  not  shown  any  differences,  the  LA mean  peak  systolic  strain/strain  rate,  and
mean peak  early  diastolic  strain  rate  were  signiﬁcantly  lower  in  the OSA  group.  Apnea–hypopnea  index
(AHI)  of the  OSA  patients  was  signiﬁcantly  correlated  with  E/Ea (r  =  0.67, p  <  0.001).  There  is a signiﬁcant
correlation  between  LA  active  emptying  volume  index  and  E/Ea  (r  = 0.77, p < 0.001),  and  between  LA
passive  emptying  volume  index  and  E/Ea  (r  =  −0.51, p =  0.009).
Conclusion:  LA structural  and  functional  remodeling  was  signiﬁcantly  correlated  with  the severity  of OSA





Several studies have demonstrated that obstructive sleep apnea
OSA) is an independent risk factor for cardiovascular morbidity
nd mortality [1–3], and left ventricular (LV) diastolic function is
ften impaired in OSA [4,5]. LV diastolic dysfunction is followed
y impaired left atrial (LA) emptying [6]. As a result, the intra-atrial
ressure progressively increases to maintain proper ventricular ﬁll-
ng, leading to LA myocardial overstretching and dilation. Thus LA
olumetric and functional remodeling has been linked to increased
isk for cardiovascular events such as atrial ﬁbrillation (AF), stroke,
nd death [7].  Although the association between OSA and LA
olume augmentation has been previously studied and seems to
e related to OSA severity [8,9], to our knowledge, LA functional
arameters, such as the passive and active LA function, have not
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been studied by either tissue Doppler imaging (TDI) or speckle
tracking based strain echocardiography.
Moreover, impairment of LV relaxation has been also described
in obese normotensive individuals [10,11], and the prevalence of
overweight to frank obesity is absolutely high in OSA  patients.
Therefore, obesity might be an important confounder for the eval-
uation of LV diastolic dysfunction and LA enlargement in the OSA
patients.
The aims of this study were to assess the following: (1) LV dias-
tolic dysfunction; (2) LA volumetric and functional abnormalities;
(3) the correlation between any LA functional abnormalities with
LV diastolic variables; and (4) the association between the severity
of OSA and LA functional changes in obese patients with/without
OSA.
MethodsStudy population
From March 2010 to March 2011, we  recruited 65 participants
who had undergone complete overnight polysomnography (PSG)
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or daytime sleepiness (Epworth sleepiness scale, ESS ≥ 10 points)
12], and/or any typical OSA symptoms in the otolaryngology divi-
ion of Maryknoll medical center. Among 65 participants, a total of
6 subjects were excluded because of the smaller body mass index
BMI < 25 kg/m2), and old age (>60 years). A total of 25 of 49 sub-
ects were newly diagnosed as OSA and 24 of 49 subjects were free
f OSA. Thus, the ﬁnal group consisted of 25 OSA and 24 non-OSA
ubjects whose were all obese (BMI ≥ 25 kg/m2), and free of any
edications.
Exclusion criteria were the following: history of coronary
rtery disease, electrocardiographic changes suggestive of ischemic
eart disease or atrial ﬁbrillation, obvious LV systolic dysfunc-
ion (LV ejection fraction < 50%) or a history of heart failure,
oderate to severe valvular heart diseases, hypertrophic car-
iomyopathy, chronic obstructive pulmonary disease or asthma,
revious diagnosis of OSA, hypertension or systemic blood pres-
ure ≥ 140/90 mmHg  on any of 3 different measurements, diabetes
ellitus or fasting glucose ≥ 126 mg/dl, alcoholism, renal failure,
ny malignancy, and central OSA. The study protocol was  approved
y the institutional review board of the Maryknoll medical cen-
er (No. 20100329-77). All participants provided signed written
nformed consent.
leep study
All patients underwent a complete standard PSG at least 7 h
vernight. PSG was performed with a computerized system (SPM2,
rass Telefactor, Astro-Med, Inc., West Warwick, RI, USA) and elec-
roencephalography, chin electromyography, electrocardiography,
nd electrooculography were recorded simultaneously. Airﬂow
as monitored using an air pressure sensor placed at the nose and
he thermistor placed at the nose and mouth, and the arterial oxy-
en saturation was recorded continuously with a pulse oximeter.
leep stages were scored according to the standard criteria of the
merican Academy of Sleep Medicine [13].
Apnea was deﬁned as complete cessation of inspiratory airﬂow
or at least 10 s. Hypopnea was deﬁned as signiﬁcant reduction
>50%) in respiratory signals for at least 10 s associated with an
rousal or oxyhemoglobin desaturation of 3% or more from the
aseline. Apnea–hypopnea index (AHI) was deﬁned as the number
f apneas and/or hypopneas events/h of sleep. Subjects with AHI < 5
vents/h were deﬁned as OSA negative and AHI ≥ 5 events/h were
onsidered to have OSA.
chocardiography
A conventional and TDI strain echocardiography were per-
ormed on all subjects using 3.5-MHz transducer (Vivid 7 Dimen-
ion ultrasound equipment, General Electric, Horten, Norway) and
he echocardiographic examiners were blinded to the patients’
nformation.
-Dimensional and Doppler echocardiography
Measurements of the thickness of the interventricular septum
nd posterior wall, and the diameter of LV cavity were performed
ccording to the American Society of Echocardiography criteria
14]. LV mass was calculated by the corrected American Society
f echocardiography cube formula [15] and indexed to body sur-
ace area to obtain the LV mass index (LVMI). The relative wall
hickness (RWT) was measured at the end diastole as the ratio
etween the double of posterior wall thickness to the LV dias-
olic cavity diameter. LA volumes were measured at 3 points: (1)
aximal LA volume, during ventricular systole just before mitral
alve opening; (2) volume before active atrial contraction volume
t P-wave onset on ECG; and (3) minimal LA volume after mitraliology 60 (2012) 475–483
valve closure. All volumes were calculated from the apical 4- and
2-chamber zoomed views using the biplane method of discs [16],
and the volume was  indexed for body surface area. The follow-
ing LA measures were calculated: (1) total emptying fraction, the
difference between maximal volume and the minimum volume
divided by the maximum volume; (2) active emptying volume, the
difference between the volume before atrial contraction and the
minimum volume; (3) active emptying fraction, active emptying
volume divided by the volume before atrial contraction; (4) passive
emptying volume, the difference between maximal volume and the
volume before atrial contraction; and (5) passive emptying fraction,
the passive emptying volume divided by the maximum volume.
Pulsed wave Doppler of transmitral LV inﬂow was  performed in
the apical 4-chamber view, with the sample volume placed at the
level of the mitral valve tips, and Doppler variables were analyzed
during 3 consecutive beats. The following measurements of LV dias-
tolic function were determined: peak early (E) and late (A) diastolic
mitral ﬂow velocity and their ratio E/A, early diastolic mitral annular
velocity (Ea), late diastolic mitral annular velocity (Aa), decelera-
tion time of the E wave, LV isovolumic relaxation time (IVRT), and
isovolumic contraction time (IVCT).
Strain echocardiography
Images from the apical 4-chamber were analyzed with an
EchoPAC Dimension system (General Electric). Longitudinal peak
strain and strain rate by the TDI-based strain were obtained from
2 different areas of the basal segments of the LA free wall and
the inter-atrial septum in the apical 4 chamber view, a compu-
tation area of 9 mm × 2 mm with an elliptical shape was chosen
[17] (Fig. 1), and averaged to obtain the mean peak systolic strain
(Sm), strain rate (SmSR) during late ventricular diastole, represent-
ing the speed at which LA deformation during active contraction
occurs, mean peak early diastolic rate (EmSR), and mean peak late
diastolic strain rate (AmSR) during ventricular systole, representing
the speed at which LA deformation during LA expansion occurs.
Statistical analysis
Data were expressed as mean values ± standard deviation and
frequencies were expressed as percentages. All analyses were per-
formed using a SPSS 15.0 package program (IBM corp., Armonk, NY,
USA). Comparisons of all measurements were made with indepen-
dent t-test for continuous variables, chi-square test for categorical
variables, and Pearson correlation test for correlation analysis. Lin-
ear regression analysis was performed for the associations between
AHI and LA strain parameters, and between E/Ea and LA strain
parameters, as well. A p-value of less than 0.05 was considered
statistically signiﬁcant. The interobserver and intraobserver vari-
ability were tested via an independent analysis by two  independent
observers (C.K.I and K.S.M.) and also by repeated measurement of
these segments at another occasion by the same observer (C.K.I.).
Results
Patient characteristics and PSG data
Baseline characteristics of the subjects are listed in Table 1. Clin-
ical characteristics were not different from each other. PSG data
are shown in Table 2. Total sleep time was signiﬁcantly shorter in
the OSA, and sleep efﬁciency was  signiﬁcantly worse in the OSA
groups. The OSA group had longer stage 1 sleep time (p = 0.039)
but shorter stage 2 sleep time (p = 0.027). AHI value of the OSA
group was  signiﬁcantly higher compared with that of the non-OSA
patients (p < 0.001).
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3ongitudinal peak LA systolic strain and peak LA systolic strain rate, early diastolic st
f  the LA free wall (green elliptical circle) and the inter-atrial septum (yellow ellipt
his  ﬁgure caption, the reader is referred to the web  version of the article.)
-Dimensional echocardiographic ﬁndings
There were no statistical differences in LV end diastolic, LV
nd systolic dimension, interventricular septal thickness, LV poste-
ior wall thickness, RWT, LVMI, LV ejection fraction, and fractional
hortening between the OSA/non-OSA groups, as shown in Table 3.
Shown in Table 4, the OSA group showed larger maximal LA
olume indexed for body surface area (34.70 ± 8.88 mL/m2 vs.
1.29 ± 7.21 mL/m2, p < 0.001), larger volume before atrial con-
raction indexed for body surface area (24.29 ± 8.26 mL/m2 vs.
23.47 ± 3.23 mL/m , p < 0.001), a reduction in the LA passive emp-
ying fraction (29.54 ± 11.43% vs. 37.12 ± 11.20%, p = 0.003), and
n increase in the LA active emptying fraction (42.14 ± 12.87% vs.
5.27 ± 9.24%, p = 0.002). However, no signiﬁcant difference waste (ESR), and late diastolic strain rate (ASR) were obtained from the basal segments
rcle) in the apical 4-chamber view. (For interpretation of the references to color in
found on LA total emptying fraction (60.1 ± 5.74% vs. 64.6 ± 2.04%,
p = 0.387) (Table 4).
Doppler echocardiographic ﬁndings of the LV
There were no differences in E velocity, deceleration time,
IVRT, and IVCT in either group (Table 5). However, A veloc-
ity (92.4 ± 9.3 cm/s vs. 75.3 ± 13.1 cm/s, p < 0.001) and Aa velocity
(8.23 ± 1.03 cm/s vs. 4.64 ± 0.59 cm/s, p < 0.001) were signiﬁcantly
faster in the OSA group and Ea velocity (6.4 ± 0.4 cm/s vs.
7.3 ± 0.2 cm/s, p < 0.001) was  vice versa. LV diastolic ﬁlling pres-
sure (E/Ea, 10.8 ± 2.8 vs. 9.09 ± 4.3, p = 0.042) was signiﬁcantly
higher and ejection time was  signiﬁcantly shorter in the OSA group
(Table 5).
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Table 1
Clinical characteristics of the patients with and without obstructive sleep apnea.
Non-OSA (n = 24) OSA (n = 25) P
Male (%) 17 (70.8) 20 (80.0) 0.520
Age  (years) 48.42 ± 7.45 43.48 ± 11.32 0.078
Height (cm) 164.83 ± 7.94 168.24 ± 9.20 0.173
Weight (kg) 74.54 ± 7.82 79.80 ± 12.26 0.081
BMI  (kg/m2) 27.45 ± 2.41 28.10 ± 3.10 0.416
BSA  (m2) 1.85 ± 0.13 1.93 ± 0.19 0.089
Current smoker (%) 9 (37.5) 6 (24) 0.364
SBP  (mmHg) 122.7 ± 9.52 124.2 ± 11.1 0.737
DBP  (mmHg) 74.9 ± 10.3 79.2 ± 7.71 0.435
Heart  rate (bpm) 70.3 ± 11.3 72.2 ± 10.7 0.623
FBG  (mg/dL) 102.8 ± 10.2 105.6 ± 8.7 0.521
Total  cholesterol (mg/dL) 214.8 ± 8.5 221.8 ± 9.5 0.347
Log  BNP (pg/mL) 3.08 ± 1.24 3.67 ± 1.42 0.130
All values are presented as the mean ± SD. OSA, obstructive sleep apnea; BMI, body mass index; BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood
pressure; FBG, fasting blood glucose; BNP, brain natriuretic peptide.
Table 2
Polysomnographic data of the patients with and without obstructive sleep apnea.
Non-OSA (n = 24) OSA (n = 25) p-Value
Total sleep time (min) 357.85 ± 78.78 262.56 ± 53.14 0.003
Sleep  efﬁciency (%) 85.38 ± 9.60 73.08 ± 11.61 0.004
Stage  1 sleep (min) 20.36 ± 16.36 33.87 ± 49.75 0.039
Stage  2 sleep (min) 213.45 ± 53.83 162.34 ± 59.67 0.027
<88%  O2 saturation time (min) N/A 15.89 ± 22.57
Apnea–hypopnea index (/h) 2.94 ± 1.44 19.66 ± 11.64 <0.001
Average O2 saturation (%) 94.64 ± 1.29 93.63 ± 3.71 0.26
Lowest O2 saturation (%) 88.18 ± 2.36 81.32 ± 11.32 0.024
All values are presented as the mean ± SD. OSA, obstructive sleep apnea; N/A, non-available.
Table 3
Two-dimensional echocardiographic measurements in patients with and without obstructive sleep apnea.
Non-OSA (n = 24) OSA (n = 25) p-Value
IVSTd (mm)  11.0 ± 1.2 11.7 ± 1.0 0.999
PWTd  (mm)  10.7 ± 1.1 11.6 ± 1.0 0.426
LVMI  to BSA (g/m2) 110.1 ± 16.6 102.8 ± 20.3 0.176
RWT  (mm) 0.41 ± 0.05 0.43 ± 0.04 0.260
LVEDD  (mm) 50.1 ± 3.3 49.6 ± 3.8 0.664
LVESD  (mm) 32.3 ± 3.1 31.9 ± 4.1 0.725
LVEF  (%) 64.0 ± 4.4 64.4 ± 4.2 0.770
LV  FS (%) 34.6 ± 3.3 35.0 ± 3.0 0.619








All values are presented as the mean ± SD. OSA, obstructive sleep apnea; IVSTd, 
hickness during diastole; LVMI, left ventricular mass index; BSA, body surface are
eft  ventricular end-systolic dimension; LVEF, left ventricular ejection fraction; LV Ftrain echocardiographic ﬁndings of the LA
There were no signiﬁcant differences in AmSR (−2.88 ± 1.02 s−1
s. −3.26 ± 0.32 s−1, p = 0.09) in both groups (Table 6). The
able 4
eft atrial volume and functional parameters by 2-dimensional echocardiography in patie
Non-OSA (n = 2
LA volumemax (mL) 40.28 ± 19.34 
LA  volumemax index (mL/m2) 21.29 ± 7.21 
LA  volumemin (mL) 16.85 ± 9.24 
LA  volumemin index(mL/m2) 8.78 ± 4.92 
LA  volumepreA (mL) 25.27 ± 14.62 
LA  volumepreA index (mL/m2) 13.47 ± 3.23 
LA  active emptying volume (mL) 14.91 ± 5.7 
LA  passive emptying volume (mL) 18.27 ± 6.72 
LA  total emptying volume (mL) 23.22 ± 6.13 
LA  active emptying volume index (mL/m2) 8.14 ± 3.21 
LA  passive emptying volume index (mL/m2) 9.76 ± 3.52 
LA  total emptying volume index (mL/m2) 12.45 ± 3.84 
LA  active emptying fraction (%) 35.27 ± 9.24 
LA  passive emptying fraction (%) 37.12 ± 11.20 
LA  total emptying fraction (%) 64.6 ± 2.04 
ll values are presented as the mean ± SD. OSA, obstructive sleep apnea; LA, left atrial; mentricular septal thickness during diastole; PWTd, left ventricular posterior wall
T, relative wall thickness; LVEDD, left ventricular end-diastolic dimension; LVESD,
 ventricular fractional shortening; LAD, left atrial dimension.
values of Sm (42.95 ± 10.20% vs. 55.07 ± 13.55%, p = 0.001),
SmSR (2.68 ± 0.59 s−1 vs. 3.30 ± 0.74 s−1, p = 0.002), and EmSR
(−2.21 ± 0.78 s−1 vs. −4.08 ± 0.29 s−1, p > 0.001) of the OSA group
were signiﬁcantly lower than those of the non-OSA group (Table 6).
nts with and without obstructive sleep apnea.
4) OSA (n = 25) p-Value
66.73 ± 16.99 <0.001
34.70 ± 8.88 <0.001
28.12 ± 10.79 <0.001
13.79 ± 5.35 <0.001
47.60 ± 15.40 <0.001
24.29 ± 8.26 <0.001
20.688 ± 6.01 0.001
20.00 ± 9.75 0.023
40.08 ± 8.12 <0.001
10.81 ± 4.00 0.003
10.38 ± 4.95 0.017
21.07 ± 4.11 <0.001
42.14 ± 12.87 0.002
29.54 ± 11.43 0.003
60.1 ± 5.74 0.387
ax, maximal; min, minimal.
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Table  5
Doppler echocardiographic parameters of left ventricular diastolic function in patients with and without obstructive sleep apnea.
Non-OSA (n = 24) OSA (n = 25) p-Value
E (cm/s) 68.5 ± 12.2 68.4 ± 22.7 0.989
A  (cm/s) 75.3 ± 13.1 92.4 ± 9.3 <0.001
E/A 0.94 ± 0.25 1.09 ± ± 0.33 0.025
DT  (ms) 185.7 ± 36.9 207.7 ± 47.5 0.129
Ea  (cm/s) 7.3 ± 0.2 6.4 ± 0.4 <0.001
E/Ea 9.09 ± 4.3 10.8 ± 2.8 0.042
Aa  (cm/s) 4.64 ± 0.59 8.23 ± 1.03 <0.001
IVRT (ms) 98.2 ± 11.3 103.2 ± 16.3 0.766
IVCT  (ms) 38.2 ± 16.3 38.9 ± 16.9 0.875



























all values are presented as the mean ± SD. OSA, obstructive sleep apnea; E, peak E ve
a,  peak late diastolic annular velocity; IVRT, isovolumic relaxation time; IVCT, isov
orrelation analysis between AHI and strain parameters of LA,
/Ea in the OSA group
AHI of the OSA patients had signiﬁcant correlation with the E/Ea
r = 0.67, p < 0.001). AHI had signiﬁcant effects on the LA dimension
r = 0.479, p = 0.015), maximal LA volume index, Sm,  SmSR, EmSR,
A active emptying fraction, LA passive emptying fraction, LA active
mptying volume index, and LA passive emptying volume index
Fig. 2). However, there were no signiﬁcant correlations between
HI and E velocity (r = 0.076, p = 0.718), Ea velocity (r = −0.356,
 = 0.081), Aa velocity(r = 0.337, p = 0.099), A velocity (r = 0.238,
 = 0.275), IVRT (r = 0.015, p = 0.942), IVCT (r = 0.212, p = 0.308), and
mSR (r = 0.034, p = 0.872).
E/Ea of the OSA group had signiﬁcant correlations with the
A dimension (r = 0.79, p < 0.001), maximal LA volume index, Sm,
mSR, EmSR, LA active emptying fraction, LA passive emptying
raction, LA active emptying volume index, and LA passive emp-
ying volume index (Fig. 3), as well, but not with AmSR (r = 0.072,
 = 0.734). Univariate and multivariate linear regression analysis
able 6
eft atrial functional parameters by strain echocardiography in patients with and withou
Non-OSA (n = 24) OS
Sm (%) 55.07 ± 13.55 42
SmSR  (s−1) 3.30 ± 0.74 2
EmSR  (s−1) −4.08 ± 0.29 −2
AmSR  (s−1) −3.26 ± 0.32 −2
ll values are presented as the mean ± SD. OSA, obstructive sleep apnea; Sm,  mean peak sy
train  rate; AmSR, mean peak late diastolic strain rate.
able 7
nivariate and multivariate logistic regression analysis for the predictors of left atrial wa
Univariate analysis 
Beta (95% CI) p-value 
Age −0.041 (−0.341 to 0.453) 0.778 
SBP  −0.424 (−0.509 to −0.033) 0.027 
DBP  −0.032 (−0.133 to 0.114) 0.876 
BMI −0.247 (−2.548 to 0.181) 0.088 
E/Ea  −0.507 (−1.157 to −0.387) <0.001 
AHI  −0.506 (−1.083 to −0.165) 0.010 
Peak  systolic left atrial strain (R
Age  0.270 (−0.014 to 0.064) 0.192 
SBP  0.382 (0.000 to 0.042) 0.049 
DBP  0.309 (−0.093 to 0.660) 0.133 
BMI  0.020 (0.103 to 1.116) 0.020 
E/Ea  0.562 (0.131 to 0.343) <0.001 
AHI  0.583 (0.233 to 0.932) 0.002 
Early  diastolic strain rate (R2 =
I, conﬁdence interval; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, 
pnea  hypopnea index.; A, peak A velocity; DT, deceleration time; Ea, peak early diastolic annular velocity;
ic contraction time; ET, ejection time.
was performed to determine the predictors of LA wall compli-
ance, Sm and passive contraction, EmSR. The results of the linear
regression analysis are shown in Table 7. AHI and E/Ea were signif-
icant independent contributors to Sm [AHI; B = −0.048 95% conﬁ-
dence interval (CI) −0.076 to −0.020, p = 0.001 and E/Ea; B = −0.167
(95% CI, −0.309 to −0.025), p = 0.021 and EmSR (AHI; B = 0.199
(95% CI, 0.101–0.297), p < 0.001) and E/Ea; B = 0.029 (95% CI,
0.016–0.041), p < 0.001] after adjustment for age, systolic and dias-
tolic BP, and BMI  by multiple linear regression analysis (Table 7).
The frame rate and variability results
The frame rate for the TDI based-strain was  84–106 frames/s.
Interobserver variability coefﬁcients of strain and strain rate wereresponding variability coefﬁcients were 4.8% and 6.4%. The main
reason for the interobserver variability was the different locations
of the sample volumes.
t obstructive sleep apnea.
A (n = 25) p-Value
.95 ± 10.20 0.001
.68 ± 0.59 0.002
.21 ± 0.78 <0.001
.88 ± 1.02 0.090
stolic strain; SmSR, mean peak systolic strain rate; EmSR, mean peak early diastolic
ll compliance and passive contraction.
Multivariate analysis
Beta (95% CI) p-value
−0.002 (−0.004 to 0.001) 0.172
−0.040 (−0.663 to 0.589) 0.903
−0.044 (−0.138 to 0.114) 0.844
−0.068 (−1.642 to 1.194) 0.744
−0.167 (−0.309 to −0.025) 0.021
−0.048 (−0.076 to −0.020) 0.001
2 = 0.449, adjusted R2 = 0.296)
0.210 (−0.016 to 0.045) 0.330
0.171 (−0.043 to 0.066) 0.650
0.386 (−0.425 to 1.447) 0.267
0.150 (−0.028 to 0.056) 0.489
0.029 (0.016 to 0.041) <0.001
0.199 (0.101 to 0.297) <0.001
 0.387, adjusted R2 = 0.322)
body mass index; E, peak E velocity; Ea, peak early diastolic annular velocity; AHI,
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Fig. 2. Regression analysis between apnea–hypopnea index and parameters of left atrial (LA) volume index and strain parameters of the obstructive sleep apnea (OSA)
patients.  Apnea–hypopnea index had signiﬁcant effects on (A) LA maximal volume index, (B) peak systolic strain, (C) peak systolic strain rate, (D) peak early diastolic strain
rate,  (E) LA active emptying fraction, (F) LA passive emptying fraction, (G) LA active emptying volume index, and (H) LA passive emptying volume index.





tig. 3. Regression analysis between left ventricular (LV) diastolic ﬁlling pressure (
atients.  E/Ea had signiﬁcant effects on (A) LA maximal volume index, (B) peak sys
mptying fraction, (F) LA passive emptying fraction, (G) LA active emptying volumeiscussion
The main results of our study are as below: (1) the LV dias-
olic dysfunction was noted in the OSA group, and the degree ofand parameters of left atrial (LA) volume index and strain parameters of the OSA
train, (C) peak systolic strain rate, (D) peak early diastolic strain rate, (E) LA active
, and (H) LA passive emptying volume index.the diastolic dysfunction was proportional to the severity of sleep
apnea; (2) OSA group showed the phasic LA volume change with
functional remodeling, as well; and (3) the AHI and E/Ea had sig-
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hasic volume change in the OSA group independent of obesity.
ur results not only emphasized the ﬁndings of LA remodeling in
bese patients with OSA, as demonstrated in previous studies using
-dimensional technology [7,18],  but also revealed an LA functional
attern in the OSA group that may  be related to overt LV diastolic
ysfunction. To the best of our knowledge, this is the ﬁrst study
hich analyses the LA dynamics and LV diastolic function using
DI based strain.
Several previous studies have shown that OSA is frequently
ccompanied with LV diastolic dysfunction and LA enlargement
4,5,8,9]. However, patients with OSA often have coexisting disor-
ers that are prone to diastolic dysfunction such as aging, obesity
8], hypertension [19,20], and diabetes [21]. Thus, controversy
xists whether OSA does impair LV diastolic function indepen-
ently. Controversy also exists regarding LA functional differences
ith LV diastolic function in OSA [7,18],  because the mechanisms
re not clearly understood. Proposed mechanisms of impairment in
yocardial contraction and the relaxation in OSA include repetitive
ypoxemia, increased afterload, and decreased cardiac output dur-
ng sleep [22–24],  resulting in myocardial hypertrophy and ﬁbrosis.
LA function during early diastole is strongly inﬂuenced by the
V compliance [25], and LA function as reservoirs during systolic
eriod is inﬂuenced by the LA relaxation. Booster pump function
uring late diastole is the intrinsic LA contraction. LA dysfunction
ill be present even in a stage with slightly elevated LA pres-
ure, and in this stage, parameters of LA contractility assessed by
onventional Doppler echocardiography are augmented; thus it
ill be difﬁcult to detect LA dysfunction by this method. Our study
lso shows no differences in mitral inﬂow ﬁlling patterns between
SA and non-OSA groups except for the increase in A velocity. How-
ver, TDI, as it measures myocardial velocities, displacement and
eformation, has been shown to be less load-dependent on quan-
itative parameters that reﬂect regional contraction and relaxation
26]. Studies comparing TDI ﬁndings of the OSA patients with the
ontrol group showed that lower Ea were found in OSA patients
ith normal EF [27,28],  and Ea is sensitive indicator for detec-
ion of myocardial abnormality at an early stage [29]. We also
ound that Ea was  signiﬁcantly reduced in the OSA group than the
on-OSA controls, which might be related to the preload reduc-
ion [27] by repetitive hypoxia, implicating more impaired diastolic
ysfunction. Aa is a measure of the intrinsic atrial contraction and it
igniﬁcantly correlates with the LA emptying fraction, the LA ejec-
ion force, and it shows the same changes with aging [30]. OSA
atients showed increased Aa, implicating augmented atrial con-
raction in our study.
However, in fact, with TDI, motions of the atrium and ventricle
re observed to be concordant, presumably reﬂecting the inabil-
ty of TDI to distinguish atrial contraction from mitral annular
nd ventricular motion. In contrast, atrial strain and strain rate
emonstrated that the longitudinal shortening and lengthening
f the atrium are discordant with ventricular longitudinal motion
ecause the atrium ﬁlls during ventricular systole and empties
uring ventricular diastole. Our previous studies showed the values
f LA strain/strain rate in diagnosis and management in patients
ith AF [17,31]. Thus, we measured TDI-based LA strain of the
asal segments as primary end point to differentiate between the
ctive contraction and the passive LA motion that is less affected by
V motion and translation [32]. TDI is angle-dependent, whereas
peckle tracking imaging is independent of angle. However, the
hickness of a region of interest cannot be reduced to include exclu-
ively thin atrial walls in speckle tracking imaging, and there is also
 limitation in regional wall motion analysis. We  simultaneously
easured speckle-based strain to assess global LA strain, which
howed similar pattern (data not shown), but lower values than
hose of TDI-based strain, more artifacts in the analysis of strain
ate, so we selected TDI-based method. According to our results,iology 60 (2012) 475–483
impairment in LV relaxation in OSA may  result in reduction of early
LA emptying, demonstrated by low Ea and EmSR. This impaired
early LA emptying contributes to a larger residual LA volume before
contraction. Such volumetric changes and increased LA pressure
affect the atrial structural and functional remodeling, which
becomes of critical importance during the LV ﬁlling [33]. Increased
LV ﬁlling pressure causes LA overstretching and dilation, demon-
strated by an increase in LA maximal volume. These structural
changes result in reduction in LA passive function (reduction in LA
passive emptying fraction), LA longitudinal stretching (reduction
in Sm and SmSR), and passive contraction compliance (reduction in
EmSR). In order to maintain proper LV ﬁlling, augmentation or com-
pensation of LA active contraction would be necessary, so there was
an increase in LA active emptying fraction, however, there was  no
signiﬁcant change in LA active contractile function demonstrated
by AmSR despite an increased volume, due to compensatory adap-
tation to an increased afterload and preload may result in decreased
LA contractility. Preserved AmSR, therefore, may mean compen-
sated augmentation of active LA contraction in OSA patients.
Eventually, as the LA ﬁlling pressure increase, LA mechanical
dysfunction can cause a loss of LA compensation, and lower active
emptying volume, and total emptying volume, eventually. This
result was  conﬁrmed by more impaired LA function in OSA patients
based on strain analysis was  dependent on OSA severity (using the
AHI) and LV ﬁlling pressure (E/Ea). This might play a role in the
development of AF in the OSA patients. However, the precise mech-
anism of mismatched result of increased Aa and preserved AmSR
could not be fully explained due to the small number of patients in
this study. To evaluate whether this ﬁnding is a limitation of strain
imaging or inversely suggests sensitive marker of LA compen-
sation of intrinsic contractility, implicating superiority of strain
imaging in detection of subclinical LA dysfunction, a larger study is
needed.
This study had several limitations. As mentioned, the number
of patients in our study is relatively small. OSA patients had severe
degree of the disease, however, unfortunately, the real duration
of the OSA was not known. The effect of OSA treatment on these
indexes of diastolic function, including LA volume and function, as
well as its potential impact on the development of atrial arrhyth-
mias, deserves future investigation.
Conclusions
Using strain analysis, we demonstrated that OSA places a
functional burden on the LA, resulting in LA remodeling. LA struc-
tural and functional remodeling was signiﬁcantly related with the
severity of OSA and LV diastolic ﬁlling pressure. OSA  impaired
LA wall compliance and passive contraction independent of
obesity.
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